The mass spectrometric behavior of stereo-and regioisomeric, partially saturated isoindoloquinazolines was studied by positive-ion electron ionization (EI) and fast-atom bombardment (FAB/LSIMS) mass spectrometry combined with collision-induced dissociation (CID). A highly stereospecific retro-Diels-Alder process was observed in the cyclohexene-fused isomers under the EI conditions, and a corresponding (although less specific) fragmentation was observed in their FAB spectra. In the absence of RDA fragmentations, regio-and stereoisomers of the cyclohexane-fused heterocycles could be distinguished based on their FAB/CID spectra. (J
V arious condensed-skeleton heterocycles containing up to three rings can be prepared starting from stereoisomeric aminobicycloalkanecarboxylic acids by applying a retro-Diels-Alder (RDA) decomposition as a part of the synthetic strategy. For instance, the reaction of 3-aminobicyclo[2.2.1]hept-5ene-2-carboxylic acid with formylbenzoic acid followed by a mild thermolysis of the pentacyclic intermediate afforded the novel 1,3-oxazino[2,3-a]indole-2,6-dione [1] . In this case, the norbornene moiety, which is subsequently split off as cyclopentadiene, serves as a vehicle for introducing heteroatoms in the target structure. Sometimes the thermolytic step is accompanied by side reactions, such as the methyl group migration observed in norbornene-fused 1,3-thiazino[3,2-a]pyrimidinones [2] , which may limit the applicability of this synthetic strategy.
Recently, isomeric heterocycles 1-6 (Scheme 1) were prepared by the reactions of 2-formylbenzoic acid with cis-and trans-aminocyclohex(ane/ene)methylamines, and their structures and stereochemistry were established by NMR methods [3] . Starting from cis-aminocyclohexanemethylamine, three isomers (3) (4) (5) were isolated from the reaction mixture, while both the trans derivatives and cis-cyclohexenyl compounds each resulted in one product only. The mass-spectrometric behavior of these compounds under the EI and FAB conditions is reported in the present study.
The choice of experimental methods was dictated by the following considerations. Mass-spectrometric RDA fragmentations often proceed in a regio-or stereospecific manner [4, 5] . The structure-specificity of RDA phenomena have previously been studied by us in the mass spectra of stereoisomeric polycondensed heterocycles using various ionization methods, such as electron impact (EI) [6] , chemical (CI) [7] , and electrospray (ESI) ionization [8] . The use of different ionization methods in studying structure-specific RDA fragmentations is beneficial for two reasons. First, it is always important to distinguish between the purely massspectrometric RDA decomposition of gas-phase ionic species and the corresponding, thermally induced process. Secondly, variation of the ionization and fragmentation conditions (e.g., EI versus "soft" ionization; or spontaneous versus collision-induced fragmentation) may alter the relative significance of the available channels for fragmentation. A recent study of the RDA fragmentations in partially saturated 4H-chromenes illustrates both these points [9] . Two different RDA fragmentations were observed in the EI and CI mass spectra of these heterocycles (Scheme 2). Under the CI conditions, only one of these RDA processes (involving the decomposition of the pyran ring) occurred from either MH ϩ or [M Ϫ H] Ϫ ions, but both RDA types were observed under the EI conditions, although in this case they only occurred as secondary fragmentations (not directly from M ϩ• ). Moreover, the relative abundances of the fragment ions corresponding to the RDA-2 type (Scheme 2) of the EI-induced fragmentation increased from 0 -25 to 70 -100 % RA when raising the ion source temperature from 200 to 350°C [9] .
"Soft" ionization methods, such as ESI, usually do not produce abundant fragment ions. However, subjecting ESI-generated ions to collision-induced dissociation (CID) is a powerful method of studying various structural effects. Thus, tandem mass spectrometry (CID/ argon, 30 -90 eV collision energy) of [M Ϫ H] Ϫ ions produced by ESI from isomeric flavonoids revealed a number of regiospecific RDA fragmentations [10] . The abundance of RDA fragment peaks strongly depended on the position of hydroxyl groups (e.g., 4Ј-hydroxy versus 6-hydroxyflavone, because the position of the hydroxyl group determines the localization of negative charge in [M Ϫ H] Ϫ ions), but it also varied between flavones (e.g., apigenin) and isoflavones (e.g., daidzein and genistein).
Fast-atom bombardment (FAB, or LSIMS) may be even more advantageous for studying regio-and stereospecific RDA fragmentations, because samples are ionized at ambient temperatures precluding thermal RDA decompositions (whereas the use of CI involves sample evaporation into a heated ion source prior to ionization), and there are typically more abundant fragment ions in the FAB spectra (compared to ESI spectra) even without collision activation. Still, most of the studies reported in the literature used collision activation of FAB-generated ions [11] [12] [13] . Under these conditions, RDA fragmentations were observed in flavonoids [11, 12] , flavonoid-O-glycosides [12] , and phenanthroindolizidine alkaloids [13] . Variation of experimental conditions can enhance the structure-specific fragmentations in FAB-generated ions. Thus, differentiation of the regioisomers and anomers of some C-aryl glycosides was made possible by analyzing the MIKE spectra of their [M ϩ Li] ϩ or [M ϩ Na] ϩ ions, but not of the [M ϩ H] ϩ ions [14] .
Experimental
The mass spectra were recorded on a VG ZABSpec-oaTOF mass spectrometer (VG Analytical, Manchester, UK) equiped with OPUS data acquisition software. In the EI mode, samples were introduced using watercooled direct insertion probe at ambient temperatures. The ionization energy of 70 eV and trap current of 200 A were used for producing positive ions. Basic spectra were obtained at a resolving power of 1000. Accurate mass measurements were performed at a resolving power of 8000 -10,000 using peak matching and PFK as the reference compound. Metastable ions spectra (B/E and B 2 /E linked scans) were obtained at a precursor ion resolving power of 5000. The elemental compositions and routes of formation of the fragment ions discussed in the text were confirmed by accurate mass measurements and metastable ion spectra.
The FAB spectra were produced by LSIMS ionization (Cs ϩ ions bombardment) using 3-nitrobenzyl alcohol (NBA) as liquid matrix. Solid samples were dissolved in MeOH. The spectra were recorded in the positive-ion mode. For CID experiments, helium was used as a collision gas in the first field-free region (1FFR) at a pressure corresponding to 50% attenuation of the precursor ion signal.
Results and Discussion
Compounds 1-6 provide several possibilities to study the regio-and stereospecificity of the mass spectrometric fragmentations in partially saturated heterocycles. First, our previous experience [6 -8] suggested that the pair of cis-and trans-fused isomers 1,2 would exhibit more or less stereospecific RDA fragmentation under the EI (or CI [7] ) conditions. Another interesting question was whether these compounds undergo RDA fragmentations under "softer" ionization conditions at an ambient temperature (e.g., FAB) and if they do, what might be the degree of RDA stereospecificity. On the other hand, the cyclohexane-fused isomers 3-6 were expected to produce EI mass spectra that would be very similar to each other. Here again, the use of a "soft" ionization process producing ions with lower excess internal energies might better set off the subtle differences existing between stereoisomeric structures. Therefore, we studied these compounds under both the EI and FAB conditions, with the emphasis on the CID spectra of their M ϩ• and MH ϩ ions. 
EI Mass Spectra
The 70 eV positive-ion EI mass spectra of Compounds 1,2, and 3-6 are listed in Tables 1 and 2 ϩ ions are formed by the cleavage of the cyclohexane ring, and it is by its annelation geometry that the parent molecules actually differ from each other.
Thus, the only stereospecific fragmentation process observed in the EI mass spectra of Compounds 1-6 is the RDA decomposition in the case of the cyclohexene-fused derivatives. That the rate of the RDA decomposition is higher in the cis-fused isomers is 1 and 2 (a, c and b, d, respectively) . The relative abundances of peaks at m/z 186 illustrate the stereospecificity of the corresponding RDA-like fragmentation. Peaks at m/z 154 and 136 -138 (a, b) are from the matrix (3-NBA).
consistent with the previous research [4, 6] . The linearly and angularly annelated isomers, but not the cis/trans cyclohexane-fused isomers could also be differentiated on the basis of their EI mass spectra. In other words, the EI-induced fragmentation of the saturated Compounds 3-6 is regiospecific, but not stereospecific.
FAB Mass Spectra
The positive-ion FAB mass spectra of the cyclohexene derivatives 1,2 are shown in Figure 1 (the left column) . Apart from the expected peaks of MH ϩ ions at m/z 241, there are also abundant peaks of M ϩ• and [M Ϫ H] ϩ (same as [MH Ϫ 2H] ϩ ) ions demonstrating that, similarly to the EI conditions, these compounds easily undergo hydride abstraction. Note also abundant peaks of ions with m/z 240 in the FAB/CID spectra of both 1 and 2 (Figure 1c, d) . A prominent fragment peak was found at m/z 186, which can possibly correspond to the loss of • C 4 H 7 radicals from the MH ϩ or else to the loss of C 4 H 6 from M ϩ• . However, the presence of m/z 186 peaks in the CID spectra of MH ϩ ions (m/z 241, Figure  1c , d) confirms that at least some part of these ions originates under the FAB conditions directly from the MH ϩ by a mechanism which must be different from the EI-induced fragmentation starting from M ϩ• . The FABgenerated [MH Ϫ C 4 H 7 ] ϩ• ions seem to have the same structure as their [M Ϫ C 4 H 6 ] ϩ• counterparts formed under the EI conditions, as can be seen from the respective product ion spectra (Figure 2 and Scheme 3). Losses of radical species leading to odd-electron cations, which apparently violate the even-electron rule, are not common under the FAB conditions, but so is the formation of abundant M ϩ• ions as well (Figure 1 ). Note that hydride abstraction leading to [M Ϫ H] ϩ ions is also conspicuous in the EI mass spectra of Compounds 1-6.
The loss of • C 4 H 7 from the FAB-generated MH ϩ ions of 1 and 2 is not likely to occur as a concerted electrocyclic reaction. Therefore, it is not expected to be as highly stereospecific as a concerted RDA fragmentation (see, e.g., reference [4] for a discussion). Still, it is seen from Figure 1 that the RDA peaks are higher in the spectra of the cis-fused isomer 1. This may be interpreted as an evidence that the m/z 186 ions are at least partly formed in a two-step sequence via the M ϩ• ions generated by hydride abstraction from the MH ϩ .
The FAB spectra of the cyclohexane-fused Compounds 3-6 show very little fragmentation. However, the CID spectra of their MH ϩ ions show abundant fragments in the range of m/z 130 -160, and their relative abundances clearly differ between the isomers (Figure 3 ). Although the two linearly annelated cis-fused isomers 3 and 4 (Figure 3a , b) produce very similar CID spectra, they can be easily distinguished from the angularly annelated ( Figure 3c ) and transfused (Figure 3d ) isomers by the abundances of peaks at around m/z 146 and 160. Assuming that the fragment ion compositions correspond to those formed under the EI conditions, these diagnostic ions have the general formulas [MH Ϫ C x H y ], where x ϭ 6 -7, and are produced by the splitting off of the cyclohexane moiety fused to the heterocycle. The a and b fragmentation routes shown in Scheme 3 correspond to the losses of C 7 and C 6 fragments, respectively. That the CID spectrum of 5 shows the most abundant [MH Ϫ C 6 H 11 ] (m/z 160) peak among all the isomers 3-6 is especially noteworthy because the angular isomer is the only one where there is no methylene group attached to the bridgehead nitrogen of the pyrimidine ring. Fragmentation of 5 by route b would involve a classical ␤-cleavage with respect to the amine nitrogen atom. No clear trends could be observed in the relative abundances of m/z 146 -147 regarding route a (Figure 3 ). Note, however, that the relative abundance of the m/z 147 peak in the EI spectrum of 5 (Table 2) is minimal compared to the other cyclohexane-fused isomers.
Thus, both regio-and stereospecific fragmentations were observed in the CID spectra of the FAB-generated MH ϩ ions of Compounds 3-6, and they are directly related to the structural differences between these isomers.
Conclusions
The present study has demonstrated the persistence and conservation of the stereospecificity of mass spec- trometric fragmentations (such as RDA and similar processes) observed in the cis-and trans-cyclohexenefused heterocycles under various ionization conditions (EI and FAB). The regio-and stereoisomers of cyclohexane-fused heterocycles could be differentiated on the basis of the CID spectra of their FAB-generated MH ϩ ions.
